Seed-assisted growth of multicrystalline (mc) silicon ingots has led to a significant increase in mc silicon material quality (so called high performance multicrystalline silicon, "HPM Si") and thus efficiencies of p-type mc silicon solar cells in the past years. Additionally, recent research revealed a high efficiency potential of n-type standard mc silicon due to its large tolerance to many metallic impurities. This suggests a high potential of n-type high performance mc silicon with a low density of dislocation clusters. In this study, the efficiency potential of p-and n-type high performance mc silicon, produced under identical conditions in the same laboratory crystallization furnace, is investigated after different high efficiency solar cell processing steps. The prediction of solar cell efficiencies by an "Efficiency limiting bulk recombination analysis" (ELBA) discloses a very high potential with material related losses of less than 1% abs. compared to the cell limit. In combination with a high efficiency cell concept featuring a full area passivated rear contact (TOPCon), efficiencies exceeding 20% on isotextured n-type HPM samples and close to 22% on samples with an improved texture are predicted. To support these predictions with results on actual devices, solar cells were fabricated. First results on cell level indicate high V oc and J sc values in the range predicted by ELBA simulations and an efficiency of 19.3%.
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Abstract
Seed-assisted growth of multicrystalline (mc) silicon ingots has led to a significant increase in mc silicon material quality (so called high performance multicrystalline silicon, "HPM Si") and thus efficiencies of p-type mc silicon solar cells in the past years. Additionally, recent research revealed a high efficiency potential of n-type standard mc silicon due to its large tolerance to many metallic impurities. This suggests a high potential of n-type high performance mc silicon with a low density of dislocation clusters. In this study, the efficiency potential of p-and n-type high performance mc silicon, produced under identical conditions in the same laboratory crystallization furnace, is investigated after different high efficiency solar cell processing steps. The prediction of solar cell efficiencies by an "Efficiency limiting bulk recombination analysis" (ELBA) discloses a very high potential with material related losses of less than 1% abs. compared to the cell limit. In combination with a high efficiency cell concept featuring a full area passivated rear contact (TOPCon), efficiencies exceeding 20% on isotextured n-type HPM samples and close to 22% on samples with an improved texture are predicted. To support these predictions with results on actual devices, solar cells were fabricated. First results on cell level indicate high V oc and J sc values in the range predicted by ELBA simulations and an efficiency of 19.3%.
Introduction
Recent improvement in directional solidification techniques has led to a significant increase in efficiencies of solar cells based on multicrystalline silicon. In 2014, efficiencies on industrial multicrystalline Al-BSF cells exceeded 18% and efficiencies up to 20.8% were achieved on industrial multicrystalline PERC cells, as recently presented by Trina Solar at the 6th WCPEC in Kyoto [1] . These cell concepts were all based on p-type substrate and so far, industrially produced high performance mc silicon is exclusively p-type material. However, it has been shown that by changing the type of doping from p-to n-type, a gain in material quality of standard multicrystalline silicon could be achieved [2] . Therefore, n-type high performance multicrystalline silicon seems to be a promising material class for the production of low cost high efficiency solar cells. In this work, we evaluate the material quality of two identically grown (same crystallization furnace, same crucible, same feedstock) p-and n-type HPM silicon ingots after different solar cell processes. Injection-dependent photoluminescence imaging of charge carrier lifetime and diffusion length delivers an in-depth insight into the recombination mechanisms and highlights the differences between p-and n-type HPM Si. Combining injection-dependent and spatially resolved lifetime measurements with PC1D cell simulations enables us to predict the efficiency potential for certain high efficiency cell concepts. Furthermore, this analysis reveals the remaining material related losses in high performance multicrystalline silicon. Based on these predictions, TOPCon cells [3] on n-type HPM substrate were fabricated. A detailed discussion of cell results will be part of a separate publication [4] .
Approach
In order to assess the material quality of p-and n-type high performance multicrystalline silicon, two blocks (one p-and one n-type) were produced by seed-assisted growth in a G1-sized laboratory high purity crucible. For the crystallization of the blocks the same feedstock, high purity crucible and crystallization conditions were used in order to obtain two blocks only differing in their type of doping. The resistivity of the p-type block is in the range of 1.1-1.4 cm, whereas the n-type block features a slightly stronger variation along the block height from 0.5 to (n-type) and subjected to different solar cell process steps suited for the production of high efficiency solar cells depicted in Fig. 1 . Wafers without any high temperature step from the initial group served as references. The processes included all relevant high-temperature steps of current high-efficiency solar cell processes applied at Fraunhofer ISE for both doping types. This ensures that the material quality of the lifetime samples corresponds to the material quality of the final cell and allows for an analysis of the material related efficiency losses. To obtain an injection-independent surface passivation, the p-type wafers were passivated with Al 2 O 3 -films and the n-type wafers with SiN x -films. The material quality of each wafer was investigated by photoluminescence imaging (PLI) calibrated by harmonically modulated photoluminescence [5] to obtain images of the minority charge carrier lifetime and diffusion length (which is used for better comparability between both doping types, incorporating the large difference in minority carrier mobility) and for the p-type samples images of the interstitial iron concentration [6] . Additionally, injection-dependent PLI allows for an estimation of the cell efficiency potential by an "Efficiency limiting bulk recombination analysis" (ELBA) [7] (with the modifications described in [8] ) and gives access to the specific defects limiting the material quality.
Results
Fig. 2 shows lifetimes (square root harmonic mean †
) and diffusion lengths (harmonic mean) across the whole wafers (125 × 125 mm²) from medium block height of the p-and n-type HPM ingots after different processing steps at a generation rate of 0.05 suns. While the n-type samples feature significantly larger minority charge carrier lifetimes after all processes (cf. Fig. 2 a) , this difference is mainly compensated by the larger mobility of minority electrons in p-type, leading to very similar minority carrier diffusion lengths of approximately 600 μm (harmonically averaged across whole wafers) in both materials after processes including a phosphorus diffusion (cf. Fig. 2 b) . Without phosphorus diffusion, the n-type material features significantly larger diffusion lengths than the p-type material, both in the initial state as well as after boron diffusion. This suggests that the p-type HPM silicon is limited by an impurity with a larger capture cross section for electrons that can be gettered efficiently. A probable candidate is interstitial iron. Imaging of the interstitial iron concentration in the p-type wafers reveals an average concentration of 3 × 10 10 cm -3 in the initial state which is responsible for about 40% of the total recombination. After boron diffusion, the average concentration of interstitial iron is increased to a value of 6 × 10 10 cm -3 being responsible for about 50% of the total recombination after this process. Owing to the much smaller capture cross section for holes, such concentrations of interstitial iron do not limit the lifetime in n-type silicon, which is one reason for the superior material quality of ntype compared to p-type HPM Si in the initial state and after the boron diffusion. After phosphorus diffusion, measured concentrations of interstitial iron are considerably below 10 10 cm -3 and thus less important for recombination also in p-type HPM silicon. Still, even low concentrations of interstitial iron probably impact the injection dependence of minority carrier diffusion length, as will be shown later. More details on the limitation of minority carrier diffusion length in p-and n-type HPM Si are included in a separate publication [4] .
In the following we would like to focus on the material quality after processes relevant for solar cell fabrication. A fair minded comparison between p-and n-type HPM silicon includes the p-type wafer after P-diffusion and the † n-type wafers after B-diffusion and the process sequence "B+P+Anneal". The latter includes the high temperature steps of the TOPCon cell process [3] including an additional phosphorus gettering diffusion. Fig. 3 shows the diffusion length images of these wafers at a generation rate of about 0.03 suns, which is estimated to correspond to an injection level close to MPP conditions in the solar cell. All wafers feature a homogeneous distribution of good grains with very large inner grain diffusion lengths exceeding 1000 μm. The best material quality is obtained in the p-type wafer after P-diffusion and in the n-type wafer after process sequence "B+P+Anneal", with very similar diffusion lengths in both wafers. Fig. 3 . Diffusion length images of a p-type wafer after P-diffusion (left), an n-type wafer after B-diffusion (middle) and an n-type wafer after the process sequence "B+P+Anneal" (right) at a generation rate of ~0.03 suns.
Although the diffusion length images at a generation of ~0.03 suns are very similar for these two wafers, a look at the injection dependence of the diffusion length reveals significant differences (cf. Fig. 4 ): While the n-type wafer features a basically constant diffusion length independent of injection level, a pronounced dependence is observed for the p-type sample. This could be attributed to a remaining influence of a low concentration of interstitial iron. Thus, diffusion lengths in p-and n-type HPM samples after typical solar cell processes for both material types are comparable at MPP conditions. At low level injection, the n-type material features larger diffusion lengths, while at high level injection diffusion lengths in p-type exceed diffusion lengths in n-type, which is attributed to a lower Auger limit in the n-type samples. Taking the lower Auger limit [9] into account, we can conclude that defect related recombination losses are smaller in n-type HPM silicon, irrespective of injection level. Furthermore, the smaller sensitivity of the diffusion length to a variation in generation rate and the higher diffusion length at low level injection could be beneficial for solar cells operating under low irradiation. Fig. 4 . Injection dependence of diffusion length (harmonically averaged across a whole wafer) in a p-type wafer after P-diffusion and an n-type wafer after process sequence "B+P+Anneal".
It should be mentioned that large differences in the material quality of p-and n-type multicrystalline silicon as reported previously [2] are not observed in this study. This is attributed to the high purity crucibles used in this work. Results published in [2] were obtained for multicrystalline silicon crystallized in standard industrial quality crucibles leading to a higher impurity level in the silicon material. Thus, the larger tolerance of n-type mc silicon to metal impurities will probably also get important when using standard industrial quality crucibles for the crystallization of HPM Si.
In the last part, the efficiency potential of n-type HPM silicon is estimated. Therefore, we focus on a high efficiency cell concept featuring a full area passivated rear contact (TOPCon) [3] and perform an ELBA-analysis, combining injection-dependent carrier lifetime images with a PC1D cell simulation. The parameters for the PC1D model were taken from recombination prefactor measurements of the TOPCon rear side and the isotextured boron diffused front side, reflection measurements of isotextured front side with same anti-reflection coating and base resistivity measurements of the mc-Si material. Thus, the cell limit without recombination losses is 20.9%. The difference to the much higher efficiency potential of TOPCon reported in [3] is stemming from the higher emitter recombination as no drive-in oxidation can be applied to mc-Si samples and the higher reflectance as the acidic isotexture is inferior to an alkaline pyramidal texture.
The ELBA-analysis for the sample processed according to the high temperature steps of the TOPCon cell process including an additional phosphorus gettering diffusion ("B+P+Anneal") predicts an efficiency of 20.2% across the whole wafer (125 × 125 mm²) (V oc = 668 mV, J sc = 37.5 mA/cm 2 , FF bulk = 80.7%), exceeding 20.7% in the best grains (left image in Fig. 5 ). For comparison, an efficiency of 19.9% is predicted for n-type wafers after the TOPCon high temperature process steps without an additional phosphorus diffusion (V oc = 662 mV, J sc = 37.3 mA/cm 2 , FF bulk = 80.6%). As these results are very promising, TOPCon cells were fabricated with the same material. First results for TOPCon solar cells on n-type HPM silicon substrate processed without an additional phosphorus gettering step demonstrate the general applicability of this cell concept to multicrystalline silicon and support the high efficiency potential on cell level: The best 2 × 2 cm² solar cell features high V oc and J sc values (V oc = 663.01 mV, J sc = 38.04 mA/cm 2 ) in the range predicted by ELBA. However, the fill factor is limited by high series resistance losses in the front metal grid due to processing issues during plating (FF = 76.39%). Thus, the maximum efficiency achieved so far on n-type HPM silicon TOPCon solar cells is 19.3%, which to our knowledge is the highest efficiency reported for multicrystalline n-type silicon solar cells hitherto, exceeding previously published values by nearly 3% abs [10, 11] . The solar cell results were independently confirmed by Fraunhofer ISE Callab and will be discussed in detail in a separate publication [4] . Fig. 5 . Efficiency potential of the n-type wafer after the TOPCon-process (including an additional phosphorus gettering diffusion) with an isotextured surface (left) or with a honeycomb texture (right). The graph in the center quantifies the material-related efficiency losses.
The efficiency potential could be increased significantly by improving the optics. This is shown in the right image of Fig. 5 , illustrating the ELBA prediction for the same wafer as shown in the left image of Fig. 5 assuming a honeycomb texture instead of an isotexture. Thus, the cell limit is shifted from 20.9% to 22.4%, which leads to an efficiency potential of 21.7% across the whole wafer. Both results support the high efficiency potential of n-type high performance multicrystalline silicon with material related efficiency losses of only 0.7% abs . These losses are specified in the central graph of Fig. 5 , revealing that the major part still stems from decorated crystal defects, while losses due to homogeneously distributed recombination centres are very low.
Summary
In this work we investigated the material quality of p-and n-type high performance multicrystalline silicon and demonstrated the high efficiency potential of n-type HPM Si both on material as well as on cell level. We showed that by using high purity crucibles for the crystallization, excellent material quality is obtained for both p-and n-type HPM silicon wafers after appropriate process steps. Efficiencies exceeding 20% on isotextured n-type HPM Si samples and close to 22% on samples with an improved texture were predicted by an ELBA analysis after the high temperature steps of the TOPCon cell process including an additional phosphorus gettering diffusion. Furthermore, we demonstrated the general applicability of this cell concept to multicrystalline n-type silicon. The high efficiency potential was supported by first solar cell results with the best cell featuring an efficiency of 19.3%.
